ABSTRACT
Introduction
Murine retroviruses are oncogenic and/or neuropathogenic viruses and in molecular terms belong to the simple retroviruses. Foamy viruses (FVs) are complex retroviruses that have not been definitely linked to a specific pathology although they are highly cytopathic in tissue culture. Among all retroviruses FVs are unique in their replication strategy (1, 5, 8) . Most current attempts to transfer genes use retroviral vectors based on Moloney murine leukaemia virus (MuLV). Pseudotyping with human foamy virus (HFV) env proteins has been shown to overcome the restricted host cell range of this vector system (4). However, genomic rearrangements can occur during the generation of vector stocks and replicationcompetent recombinants could emerge. There is not sufficient information about the replication competence and pathogenicity of such potential recombinants. In addition, there is little information regarding immunogenicity of FV Env protein and Env-directed immune responses to FV infection, most likely because there are not so many and reliable animal models available. MuLV/FV hybrid viruses, generated in a previous study (7) , could be a useful tool to study the potential risk in gene-transfer procedures, the replication and pathogenesis of FVs and other retroviruses.
As MuLV/FV hybrids could infect mice, in vivo studies would be feasible as well.
We analyzed four MuLV/FV hybrid viruses for their replication competence in different cell systems and their ability to induce cytopathological changes in these cells.
Materials and methods

Cells
The cell lines used included NIH3T3 mouse fibroblasts, M.dunni wild mouse fibroblast, their derivative M.dunnilacZ, which harbor a MuLV vector expressing β-galactosidase, baby hamster kidney (BHK-21) cells, MadinDarby bovine kidney (MDBK) cells, 293T (human embryonic kidney cells expressing the adenovirus E1 genomic region and the SV40 virus large T antigen), human fibrosarcoma HT1080 cells, and human cervix epithelial carcinoma HeLa cells. The cell lines were grown in Dulbecco , s modified Eagle , s medium supplemented with 10% fetal calf serum and antibiotics.
MuLV/FV Hybrid Viruses
The generation of MuLV/FV hybrid viruses, ESL-1 to -4, was previously described (7) . Briefly, the chimeric viruses bear the inner core of an amphotropic MuLV (AMS virus) and differ in the composition of their outer glycoproteins, which were delivered from FV. leader peptide (LP) was fused to the complete extracellular portion of FV Env, and ESL-2 to -4 contained the complete MuLV-LP followed by N-terminally truncated FV Env decreasing in size. A total of 9, 20 and 45aa of FV Env were deleted from the N terminus in ESL-2,-3, and-4, respectively.
Transfections, virus collection, and infectivity assay 293T cells were transiently transfected with the proviral constructs by using the calcium phosphate method (2) . Viral supernatants were harvested 48 h posttransfection (pt), filtered through 0.45-μm-pore-size filters and subjected to infectivity determination as described bellow. Briefly, 2 ml supernatant was added to M.dunni-lacZ cells, which were seeded at a density of 1x10 4 Infection experiments and generation of infectious virus-β-galactosidase particles M.dunni-lacZ cells, seeded at density 10 5 per 6-sm dish, were exposed to 1 ml of the cell-free supernatant collected 48 h pt. The cells were split when they reached confluence and were maintained for about 3 months. During this period the supernatants were harvested, filtered (pore size 0.45 μm), aliquoted, and frozen at -80 o C for assays of virus titers. The yield of generated virus-β-galactosidase particles in the culture supernatants were determined on M.dunni cells by XGal staining.
To analyse the host cell range of MuLV/FV hybrid viruses, NIH3T3, M.dunni, BHK21, MDBK, HT1080, and HeLa cells were infected at the MOI of 0.1 with supernatants containing infectious virus-β-galactosidase particles. Four days later the supernatants were collected and the cells were subjected to X-Gal staining to detect virus entry into cells. The virus yields in the culture supernatants were determined by β-galactosidase assay using M.dunni-lacZ and M.dunni cells as described above. Duplicates of infected cells were grown for 12 days and daily monitored for cytopathic effect (CPE).
Analysis of genomic DNA DNA was harvested from ESL-1 to -4 infected M.dunni-lacZ cells by standard methods. PCR was performed with FV envspecific primer in combination with AMS pol-specific primer and HpaI env -SfiI pol fragment was amplyfied and subjected to sequencing.
Results and Discussion
Our studies on replication ability of MuLV/FV hybrid viruses showed that ESL-1 and its deletion mutants ESL-2 to -4 can productively infect M.dunni-lacZ cells. However, the virus production was very low: about 1-2 IU/ml for ESL-2 and 6-18 IU/ml for ESL-1, ESL-3 and ESL-4.
To allow a better spread of the hybrid viruses through the culture and increase the titers, infected M.dunni-lacZ cells were maintained for about 90 days and the titers were monitored at 15-day intervals. As shown in Fig. 1 , the hybrid virus production increased over time postinfection (dpi), however, with a retarded growth kinetic compare to the parental AMS virus. Maximal titers of 1-2x10 3 IU/ml were detected in ESL-1 and ESL-3-infected cells 30 dpi, and of 5-6x10 3 IU/ml -in ESL-4-and ESL-2-infected cells 15 and 60 dpi, respectively. In general, these titers persisted at similar or slightly lower rates to the termination of the cultures, except the ESL-4 infection, which continued at significantly reduced levels. As expected, parental AMS virus could efficiently infect and spread in the culture and titers of about 10 4 -10 5 IU/ml could be detected during observation period.
These results indicate that FV env does not affect replication competence of the heterologous virus, however, virus production and efficiency of propagation in the culture are significantly reduced compared to the parental AMS virus.
To determine the host cell range of the viruses, M.dunni, NIH 3T3, MDBK, BHK21, HT 1080, and HeLa cells were infected with supernatants containing hybrid virus-β-galactosidase particles as described in Material and Methods. Four days later infectivity of culture fluids was determined by β-galactosidase assay using M.dunni-lacZ and M.dunni cells. Titers of 7-10 IU/ml were detected in ESL-1, ESL-2, ESL-3, and ESL-4-infected M.dunni, NIH 3T3, and HT 1080 cells. A cytopathic effect, characterized by formation of multinucleated giant cells was observed in ESL-1, ESL-2, ESL-3, and ESL-4-infected HT 1080 cells 3-5 dpi, and in infected M.dunni and NIH 3T3 cells 7-9 dpi and 9-10 dpi, respectively (Fig.2) . No CPE was observed in AMS-infected cells. The results suggest that the hybrid viruses have broadened host cell range compared to the parental AMS virus and cytopathology similar to that induced by FV, which are not affected by the truncations of up to 45 aa of the Nterminal of FV LP. To verify that the FV env gene or its deletion mutants were present, DNA from ESL-1, ESL-2, ESL-3 and ESL-4-infected M.dunni-lacZ cells was analyzed by PCR ( Fig.3) and sequencing. The amplification product of ESL-1-infected cells was of 1092 bp and retained the original sequence unaltered. PCR products of 1101, 1068, and 993 bp were generated with ESL-2-, ESL-3-, and ESL-4-infected cells, respectively, indicating that the deleted sequences were not restored.
Conclusions
The results of this study support the notion that env genes are exchangeable between heterologous retroviruses without loss of replication competence. Furthermore, the MuLV/FV hybrid virus genome is quite stable as its identity was preserved after long-term replication (approximately 3 months). At the same time, the hybrid viruses replicate to lower levels than do the parental MuLV. This might be due to the higher rate of defective particles formation in MuLV/FVinfected cultures compared to that in MuLV-infected cultures as a result of different Env protein secretory pathways and virus morphogenesis of MuLV and FV. We can speculate that due to the inefficien processing and transport of FV Env protein to the cell surface where MuLV/FV hybrid virus assembly occurs, the amount of functional Env protein incorporated into hybrid virus particles is reduced compared to the Env protein incorporated into parental MuLV particles which results in significant increase of the hybrid virus particles with defective phenotype. As expected, the MuLV/FV hybrids have host cell range similar to that of FV. Previous studies have shown that FV can infect a wide range of cell types (3, 6, 9 was detected in all cell cultures tested, including BHK21 and MDBK, which are not susceptible to amphotropic AMS virus infection. Despite efficient viral entry, however, MuLV/FV hybrid virus replication was not detected in BHK21, MDBK, and HeLa cells, most likely due to the transcription-mediated restriction of MuLV/FV replication in these cells, or to the cell type-specific modifications of processing and transport of FV Env proteins resulting in production of defective particles only. Replication of MuLV/FV viruses was found in NIH 3T3, M.dunni, and HT1080 cells. Therefore it was not surprising that CPE was observed in these cells only. These results demonstrate that the functions of FV Env protein, such as receptor-binding and fusogenicity, are not affected although FV env gene is expressed as a part of a heterologous virus genome and FV Env protein is incorporated into heterologous virus particles.
MuLV/FV hybrid viruses ESL-1 to -4 may be useful in further studies of the FV Env processing and incorporation into virus particles and of its role in morphogenesis of both FV and MuLV. It would be interesting to see how these viruses behave in vivo. MuLV/FV-mouse model could be a tool to study pathogenesis of MuLV and FV, as well as the mechanisms of env-directed immune responses and its importance for vaccine protection.
